Voltage-sensitive dye imaging was used to quantify in vivo, network level spatiotemporal cortical activation in response to electrical microstimulation of the thalamus in the rat vibrissa pathway. Thalamic microstimulation evoked a distinctly different cortical response than natural sensory stimulation, with response to microstimulation spreading over a larger area of cortex and being topographically misaligned with the cortical column to which the stimulated thalamic region projects. Electrical stimulation with cathode-leading asymmetric waveforms reduced this topographic misalignment while simultaneously increasing the spatial specificity of the cortical activation. Systematically increasing the asymmetry of the microstimulation pulses revealed a continuum between symmetric and asymmetric stimulation that gradually reduced the topographic bias. These data strongly support the hypothesis that manipulation of the electrical stimulation waveform can be used to selectively activate specific neural elements. Specifically, our results are consistent with the prediction that cathode-leading asymmetric waveforms preferentially stimulate cell bodies over axons, while symmetric waveforms preferentially activate axons over cell bodies. The findings here provide some initial steps toward the design and optimization of microstimulation of neural circuitry, and open the door to more sophisticated engineering tools, such as nonlinear system identification techniques, to develop technologies for more effective control of activity in the nervous system.
Introduction
Electrical stimulation of neural tissue has been utilized for more than a century to either probe neural circuitry [1] [2] [3] [4] [5] [6] [7] [8] [9] or create desired percepts [10] [11] [12] [13] [14] [15] [16] (for a review, see [17, 18] ). Following the success of cochlear implant technology, numerous efforts have been carried out to electrically stimulate various sensory cortical regions to provide surrogate sensory signals for applications in visual and somatosensory prostheses [19] [20] [21] [22] , to restore sensory function and aid in sensorimotor learning for closed-loop brain-computer interfaces and motor prosthetics [23, 24] . Although recent advancement in technology has enabled cell-type selective activation of neurons through optical stimulation [25] , the barriers to clinical implementation for these techniques make electrical microstimulation the most likely route in the near term for clinical means of controlling neural circuitry on relatively fast time scales for sensory prosthetics in humans.
Despite intense investigation of the anatomy and physiology of sensory pathways in the nervous system, beyond the sensory periphery little is known about how to generally and systematically control activity in these pathways.
Although recent work has successfully demonstrated that it is possible for electrical microstimulation to produce simple tactile and visual percepts that contain the same information as those generated by natural sensory stimuli [10, 12] , it is currently unclear how to control neural circuitry on a temporal and spatial scale that relates to more complex, naturalistic sensory inputs. In the context of sensory prostheses, given the prevalence and preservation of well-organized topographic maps in all sensory modalities, it is likely that the similarity between neuronal activation patterns evoked by electrical microstimulation and those evoked by natural sensory stimuli plays a key role in minimizing training time and mental load in disabled individuals who use the sensory prostheses. Few studies have systematically compared cortical activation patterns evoked by electrical microstimulation and those evoked by natural sensory stimuli, or investigated how the various parameters of microstimulation may play a role in shaping the spatiotemporal activation of the circuitry (one such study is [26] ). The neural responses to electrical stimulation have primarily been studied at the single-cell level [17, [27] [28] [29] and the behavioral level [17, 30, 31] , with comparatively few studies investigating how electrical stimulation activates a network [32, 33] . In awake behaving animals, electrical stimulation has been shown to deliver enough information to the brain to allow animals to perform equally well in sensory discrimination tasks as compared to their performance with natural sensory stimuli [10, 12] . However, in humans, electrical stimulation has occasionally been described as painful [34, 35] , unnatural [34, 35] or discordant [36] . These results are hypothesized to derive from the activation of axons residing close to the electrode tip, but originating from cell bodies far from the electrode, instead of direct stimulation of cell bodies in the immediate vicinity of the electrode. Single-cell electrical stimulation studies lend support to this hypothesis [28, 29] .
Definitive support has been supplied by a recent study in which the composite neural activity of an in vivo network was recorded in response to direct electrical stimulation of the circuit, indicating that axonal elements near the electrode are activated to produce a sparse and distributed activity within the network [37] . In this study and others, neuronal excitability as a function of electrical microstimulation parameters such as pulse duration, current amplitude, pulse frequency and polarity of the leading phase has been experimentally investigated [17] . However, recent modeling work has suggested that microstimulation waveform shape may play a significant role in the preferential activation of cell bodies versus axons [38] , and this hypothesis has not been experimentally validated [39] .
Here, we used voltage-sensitive dye (VSD) imaging to quantify in vivo, network level spatiotemporal cortical activation in response to electrical microstimulation of the thalamic region that provides direct input to cortex in the rat vibrissa pathway. In general, thalamic microstimulation evoked cortical activation that was both more spatially spread and topographically biased compared to that evoked from natural sensory stimulation. However, utilizing electrical microstimulation with cathode-leading asymmetric waveforms significantly reduced the bias of cortical activation and also increased the spatial specificity of cortical activation. Systematically increasing the asymmetry of the microstimulation pulses gradually reduced the topographic cortical activation bias. Our data strongly support the hypothesis that electrical pulses with cathode-leading asymmetric waveforms preferentially activate cell bodies over axons, while electrical pulses with either symmetric or anodeleading asymmetric waveforms preferentially activate axons over cell bodies. The findings here provide some initial steps toward the design and optimization of microstimulation of neural circuitry, and open the door to more sophisticated engineering tools, such as nonlinear system identification techniques, to develop technologies for more effective control of activity in the nervous system.
Materials and methods

Surgery and preparation
Fourteen female adult albino rats (220-350 g; Sprague Dawley, Charles River Laboratories, Wilmington, MA) were used in the study. All procedures were approved by the Institutional Animal Care and Use Committee at the Georgia Institute of Technology, and were in agreement with guidelines established by the National Institutes of Health. Briefly, female albino rats were sedated with 2% vaporized isoflurane and anesthetized with sodium pentobarbital (50 mg kg −1 , i.p., initial dose); supplemental doses were given as needed to maintain a surgical level of anesthesia, confirmed by measurements of heart rate, respiration and eyelid/pedal reflexes to averse stimuli (toe or tail pinch). In all experiments, body temperature was maintained at 37
• C by a servocontrolled heating blanket (FHC, Bowdoinham, ME). After initial anesthesia, the animal was mounted on a stereotactic device (Kopf Instruments, Tujunga, CA) in preparation for the surgery and subsequent recordings. Atropine (0.5 mg kg −1 , s.c.) was injected, and Lidocaine was applied to the tissue on top of the head. After the initial midline incision on the head, tissue and skin were resected, and connective tissue was carefully removed. A craniotomy (∼3 mm × 4 mm) was made on the left hemisphere over the barrel cortex (stereotactic coordinates: 1.0-4.0 mm caudal to the bregma, and 3.5-7.0 mm lateral to the midline) and over the ventroposterior medial nucleus (VPm) of the thalamus (2.0-4.0 mm caudal, 2.0-3.5 mm lateral to the midline [40] ). A dam was constructed with dental acrylic around the craniotomy over the barrel cortex to contain the VSD solution (RH1691, 1.5 mg ml −1 , Optical Imaging Ltd, Rehovot, Israel) for staining. Mineral oil was periodically applied to the cortical surface over VPm to keep the brain moist. After the recording session, the animal was sacrificed with an overdose of sodium pentobarbital. A subset of the animals were transcardially perfused with 4% paraformaldehyde, and their brains removed for histologically producing the anatomical barrel cortex map.
VSD imaging
VSD imaging was achieved by using a high-speed, low-noise camera coupled with a tandem lens (MiCAM 2, SciMedia, Tokyo, Japan). After the craniotomy over the barrel cortex, the dura mater was allowed to dry for 15 min [41] . The cortex was stained with the dye RH1691 solution (1.5 mg ml −1 ; Optical Imaging) for 2 h, during which the dye solution was circulated every 5 min to prevent the cerebral spinal fluid from impeding the staining. After staining, saline was applied generously to wash off the dye residue. Then the dam was filled with saline and a glass cover slide was placed on top of the dam to prevent the saline from vaporizing. The dye was excited by a 150 W halogen lamp filtered to pass wavelengths only in the 615-45 nm band. In all experiments, a 1.0× magnification lens was used as the objective lens in conjunction with a 0.63× condenser lens to provide 1.6× magnification, forming a tandem lens as shown in figure 1(A) . Twenty trials of VSD data were collected for each stimulus and they were averaged offline for the data analysis (see section 2.8 below).
Electrophysiological recordings
Extracellular recordings in the VPm were obtained by using single tungsten microelectrodes (∼1 M , 75 μm in diameter, FHC, Bowdoinham, ME). The detailed procedure was described previously [42] . Briefly, after the craniotomy, a tungsten microelectrode was slowly advanced into VPm using a hydraulic micropositioner (Kopf Instruments, Tujunga, CA). During electrode advancement through VPm, individual whiskers were stimulated manually to identify the principal whisker (PW), i.e. the whisker that evokes the strongest response. In a subset of experiments, the single-unit responses to the PW and the adjacent whiskers were recorded, a typical example of which is shown in figure 2(B) . We aimed at recruiting barrel fields in the E and D rows, which are located close to the center of the imaging field in our preparation. In 14 experiments, the D1 barreloid was accessed six times, the D2 barreloid was accessed once, the D3 barreloid was accessed five times, the E1 barreloid was accessed once and the E3 barreloid was accessed once. Neuronal signals were amplified, band-pass filtered (500-5 kHz), digitized at 30 kHz/ channel and collected using a 96-channel data-acquisition system (Blackrock Microsytems, Salt Lake City, UT, USA).
Thalamic microstimulation
After the PW was identified, the thalamic electrode was used to deliver single electrical current pulses to evoke cortical responses in the somatosensory pathway. The electrical stimuli were created using a digital stimulus generator (model: DS8000, WPI Inc., Sarasota, FL) and delivered using a digital linear stimulus isolator (model: DLS 100, WPI Inc., Sarasota, FL) acting in current source mode. Additionally, a fast switching relay was used to prevent charge accumulation on the electrode tip. All individual electrical stimuli were charge balanced. Three types of stimulus waveforms were used in this study: (1) a cathode-leading, symmetric biphasic waveform of 200 ms duration per phase (Symm); (2) a cathode-leading, asymmetric biphasic waveform with 1 ms of cathodal duration and 200 ms of anodal duration (ASymC); and (3) an anode-leading, asymmetric biphasic waveform with 1 ms of anodal duration and 200 ms of cathodal duration (ASymA). In the last part of this study, the asymmetry of the cathode-leading asymmetric, i.e. ASymC, waveform was systematically changed to more precisely determine the effect of the asymmetry on the specificity of electrical stimulation. Asymmetry was defined as the ratio of the duration of the first phase to the duration of the second phase minus one, such that the Symm waveform had an asymmetry of zero and the ASymC waveform had an asymmetry of 4. Waveforms were delivered over a range of current amplitudes (30, 35, 40, 45, 50, 60, 70, 80, 90 , 100, 120, 150 mA). In each experiment, eight amplitudes were randomly chosen.
Whisker stimulation
Sensory stimulation (S-Stim) was applied through computercontrolled whisker deflections. Whiskers were trimmed at approximately 12 mm from the face and were inserted into a glass pipette fixed to the end of a calibrated multi-layered piezoelectric bimorph bending actuator (range of motion: 1 mm, bandwidth: 200 Hz; Physik Instrumente (PI), Auburn, MA) positioned 10 mm from the vibrissa pad. Vibrissae were always deflected in the rostral-caudal plane. Punctate deflections consisted of exponential rising and falling phases (99% rise time, 5 ms; 99% fall time, 5 ms) and angular deflection velocities of 75, 150, 225, 300, 450, 600, 900 and 1200 deg s −1 were used as mechanical probe stimuli (S-Stim).
Histology
Methods were adapted from Wong-Riely (1979) [43] , with modifications adapted from Silverman and Tootell (1987) [44] . Briefly, the cortex was flattened to 1 mm and fixed in 4% paraformaldehyde for 12 h. Tangential sections of 70 μm were washed for 10 min in 10% sucrose in 0.1 M phosphate buffer, 10 min in 10% sucrose in 0.05 M Tris with 275 mg L −1 cobalt chloride and then three times in PBS before being incubated at 37
• C for 5 h in the staining solution (0.
sucrose and 75 mg L −1 cytochrome c in 0.1 M PB).
Barrel mapping
The VSD data collected in response to whisker stimulation were functionally registered to the histological map of the barrel cortex [45] . The contours of the barrel cortex columns, shown in figure 1(C), were outlined using the Neurolucida software (MBF Bioscience, Williston, VT) and imported into Matlab. The cortical columns were determined in the VSD data by deflecting a single whisker using a piezoelectric actuator and recording the cortical response. An example of the spatiotemporal VSD response to a single whisker deflection is shown in figure 1 (B). The initial frame of cortical activation, which has previously been shown to be restricted to a single cortical column [46] , was captured for individual deflection of four to six different whiskers during each experiment. An example of the VSD response to the deflection of four different whiskers is overlaid in figure 1(D). A least-squares algorithm was used to map the histologically identified anatomical barrel cortex map to the functional barrel cortex map measured through the VSD imaging. The histologically identified barrel map was registered with the functional column mapping from VSD by solving the following linear inverse problem [47] :
where the set of u i and v i are the coordinates of the center of mass of VSD activation following each whisker deflection, x i and y i are the coordinates of the centroid of each barrel column in the histology frame of reference and A, θ , t x and t y represent the scale, rotation and translation, respectively, to register the two coordinate axes. If histology was not available for a given experimental day, the histological map from other experimental sessions that produced the best fit was used. We have found that histologically identified anatomical barrel cortex maps were consistent across animals in terms of structure, and there was no qualitative difference in the results when histological maps were interchanged across experiments.
VSD response analysis
All analyses were conducted using Matlab (Mathworks, Natick, MA). VSD responses to mechanical deflection of whiskers (S-Stim) and to thalamic electrical stimulation, i.e. Symm, ASymC and ASymA, were averaged over 20 trials. The averaged responses at each frame were then fitted with 2D Gaussians [48] . The center of the 2D Gaussian was considered as the center of cortical activation. To estimate the area of cortical activation, the frames prior to the stimulus onset were used to estimate the background noise. Only activation greater than three times the level of the background noise was considered. The area of the intersection of the 2D Gaussian and the plane of three times the background noise was defined as the activation area, as shown in figure 3(B) . If the magnitude of the 2D Gaussian was less than three times the background noise, the activation area was considered to be zero.
A vectorized method was used to capture both the magnitude and direction of the offset between the VSD center of mass and the center of the barrel electrophysiologically matched to the electrode location (principal barrel). The center of the principal barrel was defined as the origin of the coordinate system. Because the barrel map orientation within the VSD imaging window was not strictly the same for each experimental session, another reference location was needed to ensure the consistency of the coordinate system from day to day. The vector − → r 0 (black vectors in figure 4(C)), given by the whisker immediately caudal to the PW, is used to define the zero degree direction. Within this coordinate system, the magnitude and direction of the VSD response relative to the principal barrel are given by the vector − − → r VSD (blue and red vectors in figure 4(C)) connecting the origin to the center of mass of the VSD response. The distance metric used in figures 4 and 5 is given by the average of the magnitude of − − → r VSD across experimental sessions. The topographic bias measurement used in figure 4 is given by the angle between − − → r VSD and − → r 0 . The coherence in this bias across experiments is calculated using the vector strength given by the following equation, where θ is the angle from the ith experimental session [49] :
Results
All measurements were conducted in the thalamocortical circuit of the rodent vibrissa/whisker pathway in vivo. The basic setup for whisker stimulation, thalamic recording and microstimulation, and imaging of cortical activation is shown in figure 1(A) (see section 2). The spatiotemporal dynamics of whisker-driven cortical responses were measured using VSD imaging in vivo. Deflection of a single mystacial whisker attached to a computer-controlled multilayer piezoelectric actuator (see section 2) evoked a robust cortical response 15-25 ms following the facial whisker deflection, consistent with previous studies [46] . An example cortical response is shown in figure 1(B) , with a sequence of VSD frames following the whisker deflection displaying the fluorescence generated through changes in the membrane voltage. Note that the histologically generated column/barrel map is superimposed for reference (black traces). Each cortical column is primarily associated with one facial whisker, termed the principal whisker. Figure 1(C) shows the histological map of the barrel cortex, and figure 1(D) illustrates the histologically generated columnar map (see section 2) superimposed on the optical image of the brain surface. The initial cortical activations induced by deflection of the E2, D1, D2 and C2 whiskers are color-coded and superimposed here for illustration (note that here we use the classical nomenclature for naming the facial whiskers [50] ). Although the cortical activation was initially topographically restricted in and around the column/barrel associated with the PW, the cortical response quickly spread across a large number of adjacent columns following a single whisker deflection, as seen in figure 1(B) . The example in figure 1(E) shows the mean activation within several nearby cortical columns (D1, D2, D3 and D4) following the deflection of the D1 whisker, illustrating the time course of the spatial spread of cortical activation.
Functional validation of thalamic electrode placement.
A critical analysis here is that of the comparison of the cortical response to stimulation of a single whisker (sensory stimulation, or S-Stim) with that induced by thalamic microstimulation (electrical stimulation, or E-Stim). It is thus necessary to precisely map the position of the stimulating electrode within the thalamic VPm relative to the whisker array on the face. This was achieved by recording whisker-driven spiking activity in response to a punctate deflection applied to individual whiskers in the array. The PW was defined as that whisker which evoked the strongest spiking activity in terms of the mean spike count within a 30 ms window following the whisker deflection [42] . Figure 2(A) shows typical single-unit activity recorded in VPm, with a trace of the raw signal (left) and overlaid spike waveforms (right). Figure 2(B) shows the peri-stimulus time histograms (PSTHs) for the VPm recording in response to a single punctate stimulus (see section 2) of different whiskers (E1, E2, E3, D1, D2, D3, C2), where the D2 whisker evoked the largest response in this particular case, and was therefore the primary whisker for this electrode placement. On average, the PW elicited significantly more spikes per deflection compared to the adjacent whiskers (AWs) (p = 0.01, Mann-Whitney U-test, n = 7, figure 2(C)), consistent with previous studies [51] .
Quantification of the VSD response. To quantify the cortical activation evoked by whisker deflection and thalamic microstimulation, the VSD images were each fitted with a two-dimensional Gaussian function (see section 2). A typical VSD sequence following whisker stimulation is shown in figure 3(A) . The raw sequence is shown in the top row, and the corresponding colormap of the Gaussian fit is shown in the bottom row. Note that despite the topographic relationship between the facial whisker and a particular cortical column (as outlined in black, where the primary column/barrel is denoted with a black dot), following the activation onset at 20 ms post-stimulus, there was a significant spread of the activation across a large region of the cortical barrel map, consistent with previous findings [46] . To quantify the nature of the cortical response, the magnitude of the cortical response was defined as the magnitude of the Gaussian fit, and the area of the cortical activation was defined as the region of intersection of the Gaussian fit with a plane positioned at three times the standard deviation of the pre-stimulus VSD signal (i.e. noise), as illustrated in figure 3(B) . body surface. Activation of cortex through thalamic microstimulation revealed a systematic bias in the locus of activation that was not seen for the sensory stimulus. Figure 4 (A) shows a typical VSD response, where the top row is the sequence of VSD images taken following a punctate deflection of a single whisker (S-Stim), and the bottom row is the sequence of VSD images taken after a single microstimulation pulse was delivered to the corresponding topographically aligned region in the VPm thalamus (E-Stim). The E-Stim was a conventional symmetric biphasic current pulse waveform (60 μA in amplitude, 200 μs per phase). It is qualitatively apparent from this example that the locus of cortical activation was different between the S-Stim and E-Stim cases, and that the initial onset of activation from E-Stim was not topographically aligned with the cortical column/barrel to which this region of VPm thalamus projects (denoted with black dot in the center of the overlaid columnar map) as it is for the S-Stim response (top row). The centroid of the Gaussian fit of the VSD signal was then used to quantify this effect, specifically through the distance between the centroid measured from the VSD signal (at onset frame) and the actual center of the column. On average, the centroid of cortical activation in response to the sensory stimulus was within the cortical column/barrel (distance less than 250 μm, which is approximately the radius of a cortical column/barrel, denoted by the dashed line in figure 4(B) ). In contrast, the centroid of the Gaussian fit of the VSD signal in response to thalamic microstimulation diverged significantly from the center of the actual cortical column (distance of centroid to actual center >850 μm, figure 4(B) ). The misalignment of the cortical activation with the actual barrel/column corresponding to the whisker/electrode location was significantly greater for the thalamic microstimulation than for the whisker stimulation (p < 0.001, Wilcoxon signedrank test, figure 4(B) , n = 9). Furthermore, we have found that there was no correlation between topographic bias and stimulus intensity (p = 0.539, Mann-Whitney U test).
Thalamic microstimulation results in a systematic
The discrepancy between the centroid of cortical activation in response to thalamic microstimulation and the centroid of the principal barrel column might be due to increased variability in the measurement of the centroid of the VSD in the case of the thalamic microstimulation. In this scenario, we would expect the centroid of the cortical activation to be randomly located relative to the actual center of the barrel/column. Figure 4(C) shows the distribution of vectors computed as the difference between the centroid of cortical activation and the actual center of the cortical column/barrel, capturing both the magnitude and direction. While the vectors measuring discrepancy for the S-Stim case exhibited a more dispersed distribution and an overall difference well within the actual column (left plot, the light blue line shows average, relative to the column denoted by the dashed circle), the vectors associated with the thalamic microstimulation exhibited a strong bias along the cortical columns associated with a row of whiskers (right plot). To quantify this notion, we used the vector strength to measure how well the vectors were aligned along a common direction, as opposed to randomly dispersed [49] (see section 2). Indeed, the vectors in the thalamic microstimulation case were more locked to the direction along the barrel row (vector strength: 0.91, figure 4(C): right) than in the whisker deflection case (vector strength: 0.63, figure 4(C): left), pointing to a systematic bias in the cortical activation in response to thalamic microstimulation.
Cathode-leading asymmetric microstimulation significantly improved the topographic activation of cortex.
Modeling studies have suggested that the conventional symmetric, charge-balanced current waveform pulse (utilized in figure 4 ) may preferentially activate axons as opposed to cell bodies [38] . In contrast, it has been asserted that using biphasic current pulses with asymmetric waveforms can preferentially activate cell bodies. If the bias in cortical activation exhibited in figure 4 is due to the activation of fibers of passage rather than cell bodies local to the electrode tip, then an asymmetric pulse design may alleviate some of this problem. Using a cathode-leading asymmetric waveform for the thalamic microstimulation significantly decreased the discrepancy between the centroids of cortical activation and the actual center of the barrel/column. This is first shown qualitatively in figure 5(A) , where the top row is again the sequence of VSD images following whisker stimulation, the middle row following thalamic microstimulation with a symmetric current injection waveform and the third row following thalamic microstimulation with an asymmetric, cathode-leading current injection waveform. Qualitatively, we see that the asymmetric microstimulation results in an initial onset of cortical activation that is more topographically aligned with the response to the whisker stimulation, as compared to the symmetric microstimulation. The quantification in figure 4 (B) was repeated for the asymmetric, cathodeleading case, and resulted in a significant decrease in the topographic discrepancy (from >850 μm to 617 μm, p = 0.003, Wilcoxon signed-rank test, figure 5(B) , n = 9). Therefore, cathode-leading asymmetric microstimulation significantly diminished the discrepancy between the centroids of cortical activation and the centroid of the principal barrel, improving the topographic activation of cortex. To rule out the possibility that this improvement was due to the difference of the derivative of charge delivered (the total charge per phase was the same for both AsymC and Symm, and the amplitudes of the anodal phase were the same), we also tested the anode-leading asymmetric waveform, which is the flip of the cathode-leading asymmetric waveform. In contrast to the cathode-leading asymmetric waveform, the cortical activation induced by the anodeleading asymmetric waveform diverged even further from the correct topographic location than that for the symmetric microstimulation waveform (p < 0.001, Wilcoxon signed-rank test, figure 5(B), n = 9) . Interestingly, the difference in the topographic localization of the cortical responses induced by the different microstimulation waveforms was most prominent at the onset of cortical activation (initial frame), and was reduced as the VSD signal propagated beyond the initial frame ( figure 5(C) ).
The topographic alignment of the cortical activation was enhanced with increasing asymmetry of the microstimulation waveform. To measure the effects of temporal asymmetry in the charge delivery of the microstimulation on the localization of the cortical response, the degree of asymmetry in the microstimulation pulse was systematically varied. Specifically, a measure of asymmetry was defined as the duration of the cathodal phase over the duration of the anodal phase minus one, where the perfectly symmetric waveform has an asymmetry measure of zero, and increasing the duration of the initial cathodal component of the waveform increases the measure of asymmetry, as shown in figure 6(A) . Note that the waveform in each case was charge balanced, yielding a net charge delivery of zero over the duration of the waveform. The discrepancy between the centroid of cortical activation and the center of the actual column/barrel exponentially decayed with the asymmetry of the waveform, and saturated at approximately 650 μm ( figure 6(B) ).
Cathode-leading asymmetric waveform also improved the specificity of thalamic microstimulation. In addition to affecting the locus of activation following thalamic microstimulation, the waveform properties also had a significant effect on the magnitude and area of cortical activation following microstimulation. As shown in figure 3(B) , the magnitude of the cortical response was defined as the magnitude of the two-dimensional Gaussian fitted to the cortical VSD signal, and the area of cortical activation was defined as the size of the cortical region spanned by the two-dimensional Gaussian at a magnitude of three times the standard deviation of the background noise. In general, the area and magnitude of the cortical activation increased with increasing stimulus strength. Figure 7(A) shows the relationship between increasing angular velocity of the punctate whisker deflection and the magnitude (left) and area (middle) of cortical activation, with a monotonic increase in each. The area of activation was coupled to the magnitude, with a fairly linear relationship ( figure 7(A), right) . Similarly, with the thalamic microstimulation, there was an increase in the magnitude and area of cortical activation with increasing amplitude of the current pulse, shown for the symmetric and asymmetric cases in the left and middle panels of figure 7(B) and (C). Again, in both of these cases, the magnitude and area of cortical activation were coupled, exhibiting a fairly linear relationship for each (figures 7(B) and (C), right panels). In and E-Stim (AsymA). Cathode-leading asymmetric microstimulation significantly decreased the topographic discrepancy (p = 0.003, Wilcoxon signed-rank test, n = 9). In contrast, anode-leading asymmetric microstimulation significantly enlarged the topographic discrepancy (p < 0.001, Wilcoxon signed-rank test, n = 9). (C) The difference in the topographic localization of the cortical responses induced by the different microstimulation waveforms was most prominent at the onset of cortical activation (initial frame) and was reduced as the VSD signal propagated beyond the initial frame.
utilizing the thalamic microstimulation as a surrogate input to the pathway, the nominal goal is to activate the cortex in a manner that is consistent with that of sensory stimulation (SStim, figure 7(A) ). To activate the appropriate area of cortex associated with a particular angular velocity of the tactile input, for example, the current amplitude of the microstimulation pulse can be adjusted. However, for the symmetric waveform, the cortical response was quite widespread, resulting in an area of activation that would be substantially greater than that corresponding to the sensory stimulation, even for relatively low values of current near threshold. Furthermore, the coupling of the area and magnitude of activation was such that if the magnitude of activation were matched to that of the sensory stimulation, the area of activation would be too large, and if the area of activation were matched to that of the sensory stimulation, the magnitude would be too low. This was not the case for the asymmetric microstimulation waveform. This is well captured by comparing the slopes of the relationships between the area and magnitude of activation for each case, as shown in figure 7(D) , where the slope for the symmetric case was significantly lower than that for sensory stimulation, but using an asymmetric waveform resulted in a slope much closer to that of the sensory stimulation.
Discussion
Here we characterized the response of the primary somatosensory cortex to both peripheral tactile stimulation and electrical stimulation of the thalamic region providing direct input to the barrel cortex. Conventional symmetric biphasic electrical stimulation activated a broad region of the cortex centered at a region that was multiple cortical columns away from the cortical column which was topographically aligned with the electrode location. Although not directly assessed here, the consequences of this topographic mismatch would likely produce undesired percepts because previous work with brain imaging has suggested that there is a strong correlation between cortical activation and perception [52, 53] . Previous studies using thalamic stimulation in humans have reported that percepts induced by electrical stimulation are often unnatural or discordant with relation to the anatomical electrode position [34] [35] [36] , potentially linked to the phenomena we describe here. Although it has been hypothesized that the aberrant sensations resulting from microstimulation are due to the activation of axons passing by the electrode tip in addition to the nearby cell bodies, the downstream neural response causing these sensations has not been studied in detail for functional validation. Beyond the sensory periphery, the anatomy of the circuitry places neuronal cell bodies and axonal fiber tracts within close proximity of one another. As a result, microstimulation can activate neurons with cell bodies that are quite far from the site of stimulation [37, 54] , beyond that predicted by conventional understanding of how electric fields grow with the magnitude of the current injection. What has been observed is that neurons with cell bodies very distal to the stimulation site can still be activated for very small currents, attributed to the crossing of fiber tracts through the volume of tissue affected by the electric field, resulting in what Butovas and Schwarz refer to as a spatiotemporal 'blurring' of the activation. In a more recent study, two-photon microsocopy was utilized to observe the neural responses to nearby electrical stimulation in vivo. Through this technique, the authors provide strong evidence that electrical stimulation principally activates axons within a very short radial distance from the electrode [37] .
Previous modeling work predicts that alterations in the stimulation waveform change the relative stimulation thresholds for cell bodies near the electrode and passing axons [38] . This is hypothesized to occur through differential inactivation of sodium channels at the cell body and nearest node of Ranvier caused by the long subthreshold cathodal phase of the asymmetric stimulus waveform [38, 55] . The sodium channels at the node of Ranvier are inactivated by the depolarizing cathodal pulse and then the subsequent short duration, high current anodal phase preferentially stimulates the nearby cell bodies. Although this study does not provide observation at this level of detail, functionally we observed a distinct difference in cortical response when using symmetric versus asymmetric stimulation that is consistent with this notion. Whereas the response to symmetric stimulation was centered multiple cortical columns away from the cortical column topographically matched to the electrode position, the response to asymmetric stimulation was shifted more closely to the anatomically expected cortical column. Additionally, recent work in awake behaving rats has shown that cathode-leading asymmetric waveforms had higher detection thresholds than symmetric waveforms for intracortical microstimulation [56] . This finding is consistent with our results and together they suggest that asymmetric and symmetric stimulation likely activate different neural elements. Further investigation is necessary to more directly determine whether asymmetric pulses provide increased selectivity of cell bodies over axons.
Although the exact anatomy of the projecting fibers from the VPm thalamus to layer 4 of the primary somatosensory cortex has not been fully understood, histological evidence suggests that fibers from VPm regions (barreloids) associated with more rostral tactile input pass by the VPm barreloids associated with more caudal input on the way to the primary somatosensory cortex [57, 58] . Given this anatomical arrangement, we would expect that if symmetric stimulation preferentially activates axons as opposed to cell bodies, the cortical activation would be centered in the cortical columns corresponding to whiskers more rostral than the whisker corresponding to the electrode location. Indeed, we observed a systematic topographic bias in the center of mass of the cortical response toward cortical columns representing rostral inputs when using symmetric stimulation. The systematic topographic bias, in concert with previous histological evidence, strengthens the support for the hypothesis that asymmetric stimulation increases the selectivity stimulation of cell bodies versus axons.
While the results presented here are specific to stimulation of the VPm region of the somatosensory thalamus in the rodent, we expect the phenomenon to be consistent in other regions of the brain, and thus the findings here are general. We use thalamic stimulation due to the extensive literature detailing the anatomical and functional characterization of the thalamocortical circuit in the rodent vibrissa system [59] [60] [61] , and the fact that it provides direct, mono-synaptic input to cortical layer 4 in the vibrissa region. Furthermore, stimulation in the thalamus paired with recording in the cortex allows us to observe the direct neural response to electrical stimulation on a network level by recording only two synapses downstream of the stimulation, with VSD imaging of layer 2/3 cortical activity. Importantly, the site of the stimulating electrode in the VPm thalamus is approximately 4 mm from the site of the VSD imaging in the cortex, implying that the observed cortical activation is due to engagement of the thalamocortical circuit, rather than passive conduction through the tissue. The VSD imaging proves ideal for this study due to its high spatial and temporal resolution, allowing a full characterization of the spatiotemporal cortical response to a point source of current in the thalamus [41, 62] . While the VSD signal is limited to layer 2/3 activity due to light scattering, it has been shown that early periods of activation in layer 2/3 reflect the activation patterns within layer 4, suggesting that the VSD imaging at the activation onset is likely very similar to the activity of the input layer 4 [46] . It should be noted that the topographic misalignment of the cortical activity in response to thalamic microstimulation is most pronounced at the onset of cortical activation. However, the later stage of activation spreads across a large region of cortex and even so, some degree of disrupted somatotopy does persist following the initial activation. The coding of any sensory stimuli more complex than the unitary impulses we utilize here could thus not rely on later stages of cortical activation to alleviate the problem. Initial activation of areas not topographically aligned with the desired percept would preclude subsequent or concurrent activation of that region in the context of more rich, spatiotemporal sensory stimuli. Finally, although the VSD activity has been linked to sub-threshold membrane potentials, and thus the measured signals do not directly reflect action potentials, action potentials do obviously accompany strong depolarizations and the hard-thresholding we apply to the VSD imaging likely captures the distinction.
Our findings have strong implications for delivering information to the brain for sensory prosthetics applications.
Microstimulation disrupts the somatotopy that the brain strives to maintain throughout development, possibly through the activation of passing axon fiber tracts, which would be a problem in almost all brain regions including the most simply arranged anatomy of the periphery. This could lead to nearby electrodes producing similar or overlapping perceptions if the same axons pass by each electrode. For instance, Grill et al reported that humans, in response to thalamic microstimulation, often experience parathesias that are localized to a different somatotopic region than the mapped sensory receptive field of the stimulating electrode, a phenomenon termed 'discordant parethesia' [36] . While it is clear that the capabilities for plasticity and learning in the brain improve the likelihood of success in interpreting this surrogate signaling to the brain, there is a fundamental limit in that the sensations must be discriminable to be functionally useful [63] . This problem could be alleviated by ensuring that a oneto-one topographic map is preserved, even if different from that of the normal physiology. By more closely adhering to the normal somatotopy, asymmetric stimulation pulses ensure that sensations produced by nearby electrodes are less affected by the underlying axonal anatomy and more likely to be distinct and natural sensations. Additionally, asymmetric stimulation pulses result in cortical responses that have a higher spatial specificity, and much closer to normal sensory stimulation, than symmetric biphasic pulses. Given that the discriminability of information delivered to the brain is likely affected by the overlap of the cortical responses to neighboring inputs, asymmetric cathodal stimulation would thus likely increase the functional resolution of a sensory prosthetic.
Given that this study was focused on electrical microstimulation, it is unclear how these findings might impact newly developed techniques for optical activation of neural tissue. Just as injection of even very small (∼10 μA) currents into the cortex can activate thousands of neurons proximal to the electrode tip [64] , optical stimulation at typical experimentally applied power ranges may activate tissue in a region on the order of a cubic millimeter [65] . Furthermore, the axonal tracts of neurons expressing optogenetic proteins contain a high enough concentration of the light-activated channels to generate action potentials via optical stimulation [66] , potentially leading to the same issues faced with electrical microstimulation. However, unlike electrical microstimulation, optogenetic-based techniques may provide the much-needed selectivity that will permit differential activation of sub-populations of neurons that are not segregated spatially. Through genetic expression or viral transfection, different cell types can be targeted to express specific channels that can be optically activated to depolarize or hyperpolarize the cell [67] . If this type of selectivity can be extended to differentially activate cell bodies and axons, the issue of somatotopic misalignment we describe here may be further resolved.
Taken together, the results here provide some initial directions in the design of charge delivery for topographically activating downstream circuits through electrical microstimulation. Future experimental and modeling studies may further optimize the stimulus design and expand the problem to more complex patterns of microstimulation across electrode arrays, which are requisite to deliver the high amount of information embedded in the sensory environment. Just as this study sought to characterize and control the nonlinearities involved in the spatial activation profile of a single stimulus pulse, future work must also address the dynamic nonlinearity that governs the neural response to temporal sequences of stimulation in order to gain precise control of complex neural circuits, which is essential for high fidelity sensory prosthetic technology.
